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Abstract 
Experiments were performed to investigate Coherent Anti-Stokes Raman Scattering (CARS) 
in diamond. Aspects of this type of non-linear scattering are presented theoretically, and 
various experimental configurations were attempted in order to study them. These included 
the dependence of the CARS signal intensity on the intensities of the two exciting 
frequency-doubled Nd:YAG (pump) and dye (Stokes) lasers, the variation of the CARS signal 
polarization as a function of the lasers' polarization, and the dependence of the CARS signal 
intensity on the phase mismatch of the laser beams. The phase mismatch measurement 
confirmed the predicted sinc2 nature of the CARS signal intensity, while· the polarization 
measurements provided new information on the ratio of the non-vanishing components of the 
cubic susceptibility x3 of diamond. The CARS signal intensity was found to change linearly 
with the dye laser intensity and quadratically with the Nd: Y AG laser intensity. The CARS 
signal was found at the predicted 1332 cm-1 shift from the doubled Nd:YAG emission, and 
its linewidth of 1.2 cm-1 is in agreement with the spontaneous Raman linewidth.The spectral 
data were fitted to a modified Voigt profile containing the non-resonant cubic susceptibility 
contribution, and this allowed us to establish the ratio of the resonant and non-resonant parts 
of x3. An attempt to generate Stimulated Raman Scattering in diamond was unsuccessful. 
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When light of a given frequency is incident on a material medium, one finds that the 
scattered light contains not only the frequency of the incident light, but other frequencies 
also. This phenomenon whereby the scattered radiation is different in frequency is called 
Raman scattering, after C.V. Raman and K.S. Krishnan111 who were the first to observe this 
type of scattering. This was in 1928 and involved the use of a powerful beam of focused 
sun I ight to illuminate different liquids. The change in frequency that is observed is related 
to the vibrational, rotational or electronic energy levels of the medium under consideration. 
Many forms of Raman scattering exist, all identifiably by the shift in frequency of the 
scattered light. They are an invaluable tool for the spectroscopist since Raman spectroscopy 
allows dipole transitions, normally forbidden due to parity restrictions, to be accessed. Thus 
the group of Raman spectroscopies allow us to examine molecular structure that would 
otherwise be very difficult or impossible to observe. Conventional linear or spontaneous 
Raman scattering however has some inherent difficulties. First, the molecular system under 
consideration sometimes displays fluorescence in the region of the spontaneous Raman signal, 
and the rejection of this fluorescence requires careful experimental planning (for example the 
use of a fourier transform Raman spectrometer), bring with it additional difficulties. 
Secondly, the typical small scattering cross sections result in the intensity of the detected 
radiation being very weak. This is exacerbated by the isotropic nature of spontaneous Raman 
scattering, which allows for only a tiny fraction of the total scattered light to be collected for 
analysis. 
1 
Brighter sources of illumination increase the collected signal intensity, and in this regard the 
rrogress made in laser technology in providing high power, monochromatic sources of light 
has spurred on the application of Raman spectroscopy. Pulsed lasers providing gigawatts of 
reak power and tunable lasers allowing the wavelength of light to be readily selected, have 
opened up the field of optical spectroscopy and allowed non-linear effects to be investigated. 
Of the many non-linear optical techniques that exist, we are interested in the coherent Raman 
rl{ 
effect known as Coherent Anti-Stokes Raman Scattering (CNRS). The acronym CARS is also 
used to refer to Coherent Anti-Stokes Raman Spectroscopy. 
CA RS is a four-wave mixing process where three waves are coupled to produce coherent 
radiation at a frequency higher than any of the input electric fields' frequencies. It was first 
observed more than three decades ago by Maker and Terhune[21, who considered the 
theoretical implication of a medium's polarization taking on a non-linear resonant nature, and 
performed experiments to show that the effects predicted by these calculations, exist. The 
third-order polarization term then involves the coupling of the third-order electric 
susceptibility x<3>, to three electric fields. It is this bulk material property which gives rise 
to CARS, as well as other non-linear phenomena such as saturation spectroscopy, two-photon 
absorption, and stimulated Raman gain or loss spectroscopy. The fact that CARS is a 
coherent non-linear laser spectroscopic technique means that it is more complex 
experimentally and in mechanism, but it has the benefit of allowing additional structural and 
state information to be gathered through the inelastic scattering of light, than spontaneous 
Raman spectroscopy. 
CARS overcomes the above-mentioned problems associated with spontaneous Raman 
scattering in that very high signal levels and greater signal to noise ratios, usually orders of 
magnitude larger than in the spontaneous case, are achieved. Furthermore, since the CARS 
signal has a small divergence, collection efficiencies are greatly increased and excellent 
spatial discrimination of the CARS signal from background radiation as well as the input 
lasers' radiation is possible. Also, the problem with fluorescence is eliminated since the 
signal is an anti-Stokes one, i.e. the signal has a frequency higher than any of the input 
lasers' frequencies. Making use of CARS, one can also map temperature and fractional 
species concentrations of a gas, to a spatial resolution limited only by the beam profile and 
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power of the lasers being used, as well as investigate molecular rotational states that are not 
observed in spontaneous Raman spectroscopy due to their small signal strengths. 
The maJor disadvantages with CARS include the presence of a non-Raman resonant 
background which interferes with the resonant CARS lineshapes making detection of weak 
signals and analysis of all signals arduous. A further complexity in obtaining a CARS signal 
is brought about by the requirement for phase matching or momentum conservation. This 
involves allowing three or two (in the degenerate case) laser beams to intersect at the 
appropriate angles(s). This is especially true in condensed phases where the index of 
refraction is strongly dispersive. The equipment used is also more expensive than for 
spontaneous Raman spectroscopy, as two or three high power lasers are needed. 
The majority of the work performed in the CARS field has been in the gas phase, 
particularly in combustion diagnostics13 ·41 • This is due to the ability of CARS to pro?e, in a 
11011-intrusive manner, hot reactive gases in hostile, rapidly changing systems and provide 
spatial state information such as temperature, pressure and velocity as well as structural 
information in the form of species concentrations. Low-pressure gases and plasmas have also 
been studied, and ultra-high resolution spectra of gases15 •6J obtained using CARS. 
The motivation to investigate CARS in diamond comes from the fact that little current work 
has been performed in the condensed phase. In 1972 Levenson, Flytzanis and Bloembergenl7l 
performed the first CARS experiment in diamond, followed by a more thorough investigation 
of centrosymmetric media two years later by Levenson and Bloembergen181~ The improvement 
in laser technology in the ensuing time led us to believe that with the pulsed, high power, 
single longitudinal mode, frequency-doubled Nd:YAG and tunable dye lasers at our disposal, 
spectral details not observed by these authors might be seen by us. Diamond is an ideal 
candidate for investigation, since it is an optically transparent, cubic crystal with a high index 
of refraction. Its centrosymmetric nature means that the analysis in terms of the lasers' 
polarizations is relatively simple, and its high refractive index allow the phase matching 
aspects of CARS to be properly studied. 
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An on line literature search of physics and chemical physics electronic databases revealed that 
the only major study of CARS from diamond has been the above-mentioned work by 
Levenson, Bloembergen and Flytzanis. They reported the observation of a CARS signal from 
diamond, calculated values for the Raman shift and the linewidth, but concentrated mainly 
on determining the tensor components of the non-resonant contribution to the cubic 





et a/.1 141, recently reported a CARS experiment in brown diamonds, where a new Raman line 
slightly below that of the conventional line, was observed. They ascribed this new line to the 
large number of dislocations and plastic deformations found in their crystals. Other effects 
resulting from the coupling of radiation with the cubic susceptibility in diamond have been 
reported. 
Our investigation of CARS in diamond was experimental in nature, testing documented 
theoretical aspects. The results obtained agree favourably with CARS theory. The principle 
novel measurement performed by us is that of the ratio of the cubic susceptibility tensor 
components, and estimates for the non-resonant background as a function of laser 
polarization. We also present experimental confirmation of the phase matching dependence, 
on the angle of intersection of the laser beams. 
Chapter 2 comprises an overview of the basic CARS theory, where the process is first 
described, before expressions for the intensity and non-linear susceptibility are presented, 
together with outlines of their derivations. The derivations use Maxwell's electromagnetic 
theory, quantum mechanics, and some classical mechanics. The resonant nature of the CARS 
rrocess is revealed, as is the interference between the resonant and non-resonant parts of the 
cubic electric susceptibility. 
In Chapter 3, details of the equipment used in this study are provided. This includes a 
description of the laser system, the spectrometer, and the various experimental configurations 
used._ Aspects of diamond affecting the equipment and these setups are also discussed, as are 
the workings of the Fabry Perot etalons used to ensure single longitudinal mode operation 
of the Nd:YAG laser. 
4 
Chapter 4 describes the experiments performed, the procedure followed in each, their results, 
and were applicable, comparison the other work performed on diamond in this field. 
·Finally, chapter 5 summarises all the work done, and provides a few concluding remarks and 
suggestions. 
/\ 11 numerical calculations in this work were performed on a computer using the Quattro Pro 
Spreadsheet program for basic calculations and initial rendering of graphs, a demonstration 
version of the Microcal Origin program for curve fitting where the Levenberg-Marquardt 




Th is chapter presents an overview of CARS theory, focusing on aspects deemed to be 
i rnportant for this work. Detailed reviews have been written by Levenson and Kanol10J, 
Greenhalghl31, Druet and Taranl5l, and Nibler and Knightenl151 to name a few authors. We 
first present a generalised description of the CARS mechanism making use of an energy level 
transition model, before deriving an equation for the CARS signal intensity and an expression 
for the electric susceptibility. The response of the medium is expressed in terms of its various 
tensor susceptibilities, and through Maxwell's equations the optical response is established 
in terms of the signal intensity. Quantum mechanics allows the susceptibility and the 
rn icroscopic nature of the molecules to be connected in terms of molecular wave functions 
and ensemble averages. Various aspects important to the technique, and which ensure its 
uniqueness, are discussed as they make themselves evident. 
2. 1 General description 
Qua! itatively, CARS can be understood as arising, as in spontaneous linear Raman scattering, 
out of the polarization P and therefore the susceptibility x. In a dielectric material, the 
induced polarization due to large applied electric fields can be expressed as a power series 
p = p(l) + p<2> + pC3) + ... 
P <1>E <2>EE <3> EE ; = Xij j + Xijk 1 k + XijklEj k 1 + 
(1) 
... , 
where x(n) is the susceptibility tensor of rank (n + 1). The spontaneous Raman scattered 
signal arises from the interaction of the incident J; electric field with the linear susceptibility 
x( 1>. A Raman process describes the interaction of one or more applied fields with the dipole 
6 
moment of a medium, resulting in scattered radiation whose frequency (and in general 
polarization) is different from that of the incident fieldl9l, This frequency difference is termed 
the Raman shift and is equal to a difference in energy levels, be they vibrational, rotational 
or electronic, of the molecules under consideration. 
In the spontaneous Raman case, one electric field is incident and the radiation is in general 
predominantly isotropically scattered, with a small anisotropic component. If the scattered 
radiation has a smaller frequency than that of the incident fields, this is termed Stokes 
scattering. A Stokes scattered wave is due to the transition of the molecules from a lower to 
a higher energy level. We visualise the incident photon being annihilated and the scattered 
photon being created in the transition. When the incident radiation induces the transition of 
the molecules from this excited state to its original (ground) state, the scattered radiation now 
has a higher frequency than that of the incident radiation and this is termed anti-Stokes 
scattering. Again we may visualise the incident photon being annihilated and a photon of 
higher energy being created. 
The CARS signal is due to the third order susceptibility x<3l, Fig. 1 compares the energies 
of the incident electric fields with the energy levels of the dielectric medium. This diagram 
does not define a time-ordering of the energy level transitions, but serves to help us visualise 
the CARS process. Quantum mechanical perturbation theory allows us to derive a form for 
the third order susceptibility x<3l involving "sequences" of transitions between real and virtual 
energy states. This will be discussed in more detail later in this chapter (§ 2.4) 
Three input electric fields (laser light) of frequency w0 , w1, w2 are involved, although two are 
(usually) degenerate i.e. w0 = w1• The terms or transitions responsible for CARS are 
illustrated in Fig. 1. On a quantum mechanical level, Bloembergenr121 , and Druet and Taranr51 
state that far from resonance, the CARS process can be described as being parametric, where 
two photons of frequency w1 are destroyed and photons at frequencies w2 and w3 are created,. 
without energy exchange with the medium. However, near resonance this description is 
incorrect, and the CARS process must be described as the interference between two "Raman-
like" processes. Now the CARS transition is described as an w1 photon being absorbed and 
a w2 photon emitted, as well as the absorption of the w3 photon and the emission of an w1 
7 
photon. This difference in description of the 
CARS process is due to the complex 
resonant nature of the electric susceptibility, 
and will be made more obvious after the 
derivations in § 2.4. 
An alternate semi-classical interpretation is 
also valid, where CARS can be viewed as 
inelastic scattering from a coherently driven 
Raman-active molecular vibration. Using 
the mass on a string model of molecular 
virtual states 








Fig. 1 Schematic of energy level interaction. The 
broken lines represent virtual states, while the solid 
lines real energy states. Only energy levels and photon 
energies are shown, and no time-ordering of the CARS 
process is implied. 
vibrations, we can interpret the first and second (w1 and w2) electric fields as coherently 
driving a vibration of frequency w1 - w2• This third (first) w1 field then produces an 
inelastically scattered w3 wave of frequency 
This w
3 





and the measured signal has a greater frequency than either of the lasers, 
and is therefore an anti-Stokes signal. The related w2 > w1 process produces a Stokes (CSRS) 
signal. Denoting the difference between the ground state and an energy state above ground 
by w
1
?, we see that if w1 - w2 corresponds to this difference wR, the CARS signal will be 
resonantly enhanced (see later § 2.4). From Eq. (2), we also note that the CARS frequency 
w
3
, can be interpreted as a shift in frequency from the w1 electric field by a factor w1 - w2 • 
Since this shift must equal wR for a strong CARS signal, wR is termed the Raman shift as in 
the spontaneous Raman case. It is usually expressed in wavenumbers vR, where 
vn = w
1





2.2 Classical derivation of signal intensity 
2.2.1 Maxwell's equations 
It is possible to derive an expression for the CARS signal intensity through a classical 
approach, coupling Maxwell's relations with a plane wave approximation for the incident 
electric fields. The form for x<3) is then established by means of a quantum-mechanical 
perturbation of the density operator, or a semi-classical driven lattice mode (photon-phonon) 
interaction. 
Maxwell's equations are the starting point115•9•10•3•11 •61 for describing interactions between 
electromagnetic waves and matter. They can be written as 
V·D = P VXE = _aB J at (5) 
V·B = 0 
av 
VXH = J1 + -·-, at 
where 
D=E0E+P 
B (6) H = - - M. 
/lo 
In what follows we consider media that are charge free (p1 = 0), current free (11 = 0) and 
magnetization free (M = 0)1s.is1. Manipulation of the curl equations leads to the wave equation 
with an induced polarization source term 
(7) 
The plane wave approximation for the induced electric field 
E( ) 1 [E ( ) i(k • , - w r> ] w ,r,t = - re · · + c.c. , a 2 a 
(8) 
is utilized, where c.c. is the complex conjugate, required to ensure that E is real. For 
isotropic media (gases and liquids), the electric field is transverse to the direction of 
propagation of the field, so that V · E = 0. Armstrong et al. 1161 show that this assumption of 
optical isotropy can hold true in cubic crystals with centres of inversion, provided a local 
field correction is made to the incident electric fields. This requires 
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E = E + !_p = E + !_p(l) + !_pNL 
local 3 total 3 3 ' 
(9) 
where pw, = p<2> + p<3> + ... , is the nonlinear polarization. The effective nonlinear 
polarization is then116•17•181 
pNL = (E + 2) pNL 
eff. 3 ' 
(10) 
and the susceptibility x<3> must be adjusted by the factor 
fr E(w) + 2. 
a=! 3 
(11) 
We will henceforth incorporate these corrections for the local field into the polarization and 
cubic susceptibility. 
We now assume the one-dimensional case k = kv and select the electric field polarization 
so that it contains no component in the z direction, i.e. E"(z) = Eiz)i + Ey(z)j. Under these 
approximations V·P = 0, implying V·E = 0. Assuming further that E" varies slowly with 
z so that 




z az ' 
.k aE,, az l - = µ -· -[P(Jl(w z t)]e-i<k. - w.i>. 
a az 0 atz a' , 
(12) 
(13) 
In th is derivation, the relationship between the linear susceptibility x<1> and the dielectric 
constant E = ( 1 + x<I)) is employed, while the -P..2> term is omitted since it vanishes in the 
class of centrosymmetric media, of which diamond is a member. This last point is justified 
below, as we now need to diverge slightly and examine the polarization source term in more 
detail. 
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2.2.1.1 Polarizations aspects 
p 3> is expressed in component form as 
(14) 
where 0, l ,2,3 number the frequencies and ij,k,l labels the orientation of the induced 
polarization, and the polarizations of the incident fields respectively. w3 = w0 + w1 + w2 is 
the frequency of the. electric field produced by this polarization, in this case the CARS 
frequency. The susceptibilities are assumed to be homogenous. This notation follows that of 
Maker and Terhunel2•5•15•101 , and has a factor 1A absorbed into the definition of x<3>. 
With reference to Eq. (1), we note that x<1> is the linear susceptibility, related to the dielectric 
constant and therefore the refractive index; x<2> gives rise to other non-linear phenomena 
(such as second harmonic generation), but disappears in centrosymmetric media due to 
symmetry concernsP9•15•18•61 ; and x<3> gives rise to coherent Raman phenomena and is non-zero 
in al I media. It is the fact that CARS arises from the coupling of the third-order susceptibility 
with three electric fields, that makes it sensitive to different information not obtainable from 
I inear scattering. The possibility of mixing three waves with distinct frequencies, 
polarizations, phases and magnitudes to produce a CARS signal, allows the frequency, 
polarization, phase and magnitude of the signal to provide more molecular information than 
in the linear Raman case. For example by choosing the polarizations of the incident electric 
fields appropriately, and measuring the polarization of the CARS signal, one may establish 
the components of x<3>. 
Being a four:th-rank. tensor, x<3> has 81 components. This number is reduced, firstly since the 




) and (l,w2) are invariant to permutation. By convention only the 
distinguishable terms are included in the summation, so a factor 6/n! is included to explicitly 
show the degeneracyl15•9•10•3•2•61 ; n being the number of indistinguishable pairs so that n! is the 
number of indistinguishable permutations. The number of c01nponents is further reduced by 
the medium's symmetry. The tensorial definition relating the transformation of a tensor T, 
of rank R, from one reference frame into another 
11 
13 = ~~EolEJl 2 
• I 9 w~ [ f.1-o ] 2
1 12121 1 2 · 2 [ 6.kL l 3 = - XcARs 1 r-- smc -- · 
16 n2n n Eo 2 
l 2 3 
(18) 
The CARS intensity therefore varies as the square of the w1 field, "pump" laser beam, and 
linearly with the w
2 
or "Stokes" beam. The terms pump and Stokes are used since referring 
to Fig. l, we see that for a strong CARS signal, nw1 - fzw2 must equal the energy level 





is the Stokes electric field and w1 can be considered to be the pump 
electric field. The CARS signal is forward propagatingl5J, and depends on the square of the 
interaction length L, rather than linearly as in the spontaneous Raman casel
41
• Druet and 
Taran121 1 also state that should the pump beam be Gaussian, the CARS beam will also be 
Gaussian. 
The phase matching condition is also clear from Eq. (18), i.e. 
(19) 
which follows from the requirement of maximising the sinc2 function. This maximum is 
obtained when 6.k = 0 (perfect phase matching), and is an important aspect of the CARS 
technique. The generation of a detectable signal hinges on how well this momentum 
conservation condition is met. This is especially true in condensed phases, since the sinc
2 
function drops rapidly to zero from its peak in a distance given by 
7r LC = 6.k' 
(20) 
the coherence lengthl10•9•11 •151. In gaseous media 6.n, as a function of the laser frequencies is 




~6.k oc 6.n, 
(21) 




is always close to unity. Thus phase matching of the input lasers in easily achieved (if the 
beams are focused), and collinear14•10•31 operation of these input beams is often sufficient to 
produce the CARS signal. The major problem with the collinear arrangement is the lack of 
control of spatial resolutionr4l and the interaction region of the laser beams; as well as 
discrimination between the CARS signal, fluorescence, and the input laser beams. CARS 
signal contributions from the optical elements, e.g. lenses are also unavoidabler41. 
Proper phase matching requires a two-dimensional geometry to be· employed to ensure that 
the two input laser beams cross at the 
appropriate angle (Fig. 2), thus increasing 
the coherence length and allowing for 
efficient growth of the CARS signal. This is 
essential in media where the dispersion is 
appreciable, e.g. solids, and preferable to 
tight focusing of collinear beams111•101, 
where each beam contains a range of wave 
vectors which selectively combine to fulfil 
Eq. ( l 9), as this reduces the signal 
intensity. Tight focusing of collinear beams 
has the advantage that the phase matching 




Fig. 2 Two- and three-dimensional geometries used to 
ensure phase-matching. 
An adaptation of the general quadrilateral phase matching geometry was developed by 
Eckbreth'22 A1 and involves three input wave vectors and a rhombic design known as 
BOXCARS. A three dimensional variation called folded BOXCARSr10·111 has also been 
developed. In folded BOXCARS, the w1 beams are contained in a plane orthogonal to that 
Spatial separation of the CARS signal from the laser beams is achieved in all three 
geometries, while BOXCARS and folded BOXCARS permits small Raman shift to be 
isolated15•11 •41. For large enough Raman shifts, dichroic filters are used to separate the CARS 
signal from the laser beams, but with small shifts this is not possible with these filters. The 
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BOXCARS geometries however, permit the small Raman shift to be substantially separated 
in space from the laser beams. BOXCARS also allows for greater spatial resolutionl10•4•11•3l 
and control of the interaction region122•4•31 • Proper phase-matching also has the advantage of 
suppressing superfluous CARS signal generation from any of the experimental componentsl111. 
The geometric restriction imposed by phase matching proves to be one of the major 
constraints of the CARS technique. 
Finally, note that 13 ex: I XCARs j 2. In establishing the form for XcARs, through either quantum 
mechanics or the lattice mode interaction, it is apparent that the susceptibility is complex, and 
that it can also contain a non-resonant contribution from one- and two-photon electronic 
resonances. Thus the susceptibility can be written as 
X = x' + ix" + x CARS NR' (22) 
where the first two terms are the real and imaginary Raman contributions and the final term 
the non-resonant contribution. Since the norm of Eq. (22) is being used in 13 , interference 
between the three contributing terms occurs, altering the spectral lineshape (see further § 
2.5). Much time and effort has been directed in particular towards reducing the effect of XNR, 
and many ingenious techniques have been formulated in this regard. 
2. 3 Lattice mode vibration derivation of XcARs 
A semi-classical derivation for the form of x<3l is now presented, as this allows us to 
understand simply the essential features of the CARS process. However, since CARS is a 
resonance phenomenon this interpretation is not valid at resonance, and recourse to quantum 
mechanics is essential for a correct understanding of the process. The quantum mechanics 
is technically difficult since it involves third-order perturbation theory with damped states and 
will be presented in the next section, while the easier semi-classical interpretation is 
discussed below. This method to establish the form of XCARS is employed by Maeda et al. 1111 , 
Levenson et al. 110•7 •81 and Nibler et al. usi The scheme consists of a Raman-active molecular 
vibration excited by the two laser beams, followed by inelastic scattering off this vibration. 
15 
~~-------------------------------·· 
Bloembergen1181 uses an anharmonic oscillator model in his derivation. The linear induced 




which leads to a force 
!_ [~] £2 
2 aQ ' 
er 0 
(24) 
driving a molecular vibration where Q" is the normal coordinate of mode a, and a is assumed 
to vary with position. The complex electric fields result in sum and difference frequencies 
arising in Eq. (24), so that when the damped harmonic oscillator equation for the lattice 
vibration 
mQ·· + mr Q. + mw2Q = F 
u a u u a 
(25) 
(where w., is the normal frequency, in our case equal to the Raman shift wR) is solved, one 
obtains11 ll 
Q = 1 [ aa l E1E2• i<w. - o)r + c -- - e .c., 
" 8mw aQ o - iI' 
(1 tJ tJ 
(26) 
where c.c. = complex conjugate, o = wR - (w1 - w2) is the detuning from Raman resonance, 
and m is the oscillator (dipole) mass. Levenson et al. !7l assume a linear approximation for 
the modulation of the polarization 
(27) 
and that the third-order polarization changes accordingly to give 
(28) 
where again XNR (also a rank four tensor) is due to one-photon electronic absorptions and the 
corresponding two-photon absorptions have been ignored. Eq. (28) is a slightly modified 








XR = 2mw aQ ' 
" " 0
(30) 
is the resonant component, and <J refers to the Raman-active wR = w1 - w2 mode. Again in 
both Eqs. (28) and (29), XNR is essentially real if the electronic interactions are off resonance. 
Kleinmann123 •10l noted that provided the frequencies of the incident light were below that of 
the electronic transitions, the indices of the nonlinear susceptibility tensor can be permuted 
at will, separately from the arrangement of its frequency arguments. Kleim!1ann also states 
that this contribution to the measured optical signal will be flat with respect to frequency, 
thus the term background or non-resonant susceptibility. This condition is termed Kleinmann 
symmetry and was investigated in centrosymmetric media by Levenson and Bloembergen
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1. 
2.4 Quantum Mechanical form for XcARs 
In this section we apply perturbation theory to the dipole matrix operator to obtain 
expressions for the various terms contributing to the non-linear susceptibility. We begin by 
expressing the polarization in terms of quantum mechanical operators. Classically it is 
defined to be the bulk dipole moment per unit volume, so that quantum mechanically we can 
write this as the ensemble average115·5·6•18•11 •10J of the dipole moment operator µ, i.e. 
(31) 
µ1.~ 1s then the transition dipole moment matrix between eigenstates t and g, and 
p = I if;> < i/; I is the density matrix operator described by 
ihp = [H0 + Hinr' p] + inrp. (32) 
H
0 
is the unperturbed Hamiltonian, and Hinr = -µ-Ethe interaction of the dipole with the 
applied field, i.e. the perturbation. The damping term r describes the rate at which the 
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perturbed system relaxes to equilibrium. It results in linewidth terms in the resonance 
denominators of the susceptibility expressions. Diagonal elements rec represent population 
relaxation rates due to spontaneous emission and inelastic collisions (T, processes) (see 
Levensonfll>I), while off-diagonal terms rgt = 1h(rgg + rll) + rg/ result from broadening of 
the two states plus an elastic collision (T2 processes) dephasing contribution r c/ 15•6•10•111. 
Perturbation theory then leads to 
'J:.. (0) 
lrtp 
• J:. • (I) 
lrtp 
ifzp(n) 
= [Ho, p<Ol] 
= [Ho, p<O] 
= [Ho, p<nl] 
+ inrp<0l 
+ [Hint' p<0l] + inr p<o 
+ [H. p<n-1l] + inrp<nl 
mt' • 
(33) 
Successive solutions of these equations leads to an expression for Pc?l in terms of the 
equilibrium densities Peco' p 11°, etc. Combined with Eqs. (31), (1) and (14), these yield the 
general 48 expressions for the terms of x<3l. These are acquired either purely algebraically, 
or through the application of double-sided Feynman diagrams, with the appropriate vertex 
rules. This graphical method, first proposed by Feynman, has been extended by Hewitt and 
is used by many authorsl5·6•15•11 •9•111. 
Nibler and Pubanzl61 show that selecting the terms contributing only to the CARS 
susceptibility results in 
L. 3 N L [ ' . " ] µ.ffµji + µfiµji • if 8n (wfi - w 1 +w2) j wji - W3 Wjj + W3 (34) 
[ 0 [ µ7,µlf a y l [ y .. ;~µif l] x :E µikµJ.f 0 ~ikµJ f Pu + - Pf! + 
k wki + W2 wki - wt wk/ + WI WJ.f - W2 
+ {a-,8}, 
where w 1"' = (w1 - wm) - irrm· Eq. (34) contains one-photon resonance Raman polarizability 
elements, but not two-photon resonances. Away from electronic contributions, this 
becomesl6,11,10,3J 
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N. - N 
x -"' ' 1 (aa +aa)+ 
CARS - ~ 8.1:.( _ + ) m {J-y •fJ a-y XNR· 
if n wfi w1 w2 
(35) 
N is the population density and a the spontaneous Raman polarizability x<l). For spontaneous 
Raman Stokes scattering, the scattering cross-section for light of frequency w1 is 
(36) 
implying that the conventional Raman scattering cross-section is obtainable from CARS, 
since from Eqs. (35) & (36) both are proportional to a 2• CARS therefore provides basically 
the same transition frequency and cross-section information as in spontaneous Raman 
scattering. XNR is essentially real so that irfi (HWHM) is the primary imaginary term. As 
alluded to at the beginning of this chapter, we now see that if w1 - w2 = wR, where wR = wfi 
(the energy difference between the initial and final energy levels), the CARS signal will be 
resonantly enhanced, and much stronger than if it were off resonance. 
2.5 Effect of non-resonant susceptibility 
Referring to Eqs. (18), (22) & (29) and the previous discussions, it can be shown thatl11 •31 
(37) 
where the identifications 
(38) 
and 
x" = (39) 
have been made. The contributions of these three terms are shown in Fig. 3. From Eq. (37), 
the non-resonant term bestows a constant background to the signal spectrum, while the 
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second term tends to deform the Lorentzian 
(third term) I ineshaper11 •5.31. Elimination of 
XNR would leave only the Lorentzian 
Ii neshape, so reduction of this contribution 
is consequently essential. This is especially 
true for weak signals which would be 
undetectable with a background contribution 
present. This elimination or reduction can 
he achieved through proper choice of 
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the symmetry properties of the medium, to separate the CARS and non-resonant signal 
components. Unfortunately this is only possible with highly symmetrical media such as 
liquids or gases. This is most easily seen in the isotropic case15·15·91 where, under the 
assumption of Kleinmann symmetry, the non-resonant contribution is eliminated when the 
lasers are polarized at 60° relative to each other. 
Some authors1 15·7•8·u1 use a lineshape analysis involving the minimum, maxnnum, middle 
intensity and corresponding frequency values of I XcARs I 2 to calculate exact Raman resonance 
XR, and the damping constant or CARS lifetime r. This form of analysis is used when it is 
not possible to eliminate the XNR contribution to the measured CARS signal, and numerical 
curve-fitting is difficult. 
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Chapter 3 
Apparatus and experimental setup 
In th is chapter, we discuss the experimental equipment used during this study, as well as the 
various experimental setups employed. Aspects of diamond that influenced the equipment and 
these setups are also examined. 
3. 1 Description of Equipment 
3.1.1 Lasers 
The UCT Laser Laboratory possesses a: special CARS laser system manufactured by SOPRA 
of France. This comprises two lasers constructed on a single table with components in an 
open configuration, i.e. all laser components are uncovered and easily accessible. The first 
laser is a pulsed, single longitudinal mode (SLM), frequency-doubled, passively Q-switched 
Nd: Y AG producing green light at wavelength f...1 = 532 nm. This is used to pump 
transversely a broadband dye laser at a longer wavelength, which is determined by the 
particular experiment being performed and therefore the· type of dye being used. The energy 
of the laser pulses ranges from 15 - 200 mJ for the Nd: Y AG laser, and 5 - 10 mJ for the 
dye. A schematic of the laser system is shown in Fig. 4. 
I cleall y, for studying the rather narrow CARS resonance in diamond, both lasers used (pump 
and Stokes) should be narrowband light sources. This would exploit all the input energy 
optimally, resulting in high resolution, high intensity spectra with minimal line broadening. 
No narrowband laser source at the appropriate Stokes wavelength for this work with diamond 
was available to us, so this idea was abandoned. However, a narrowband Stokes source could 
possibly be generated through the emission of Stimulated Raman Scattering (SRS) from a 







Amplifier cell ·oc 
Fig. 4 Schematic of laser components. 
signal. This system would retain the above mentioned advantages of narrowband sources, in 
addition to being completely solid state. However, an attempt to induce SRS in diamond 
failed, and this attempt together with reasons for the failure, will be discussed in detail in the 
next chapter. We thus had to default to using the broadband dye laser source since this was 
available, and since the cost of acquiring or building a narrowband laser source was not 
justifiable within the scope of this work. The combination of a broadband Stokes source and 
narrowband pump source has the advantage, especially for complex ,spectra, that the entire 
CA RS spectrum is generated simultaneously. 
A l 064 nm infra-red (IR) beam is obtained by the pulsed energising of a Nd: Y AG rod, 
through the discharge of the neighbo~ring krypton flash lamps. This oscillator resides inside 
a folded cavity encompassing a concave mirror of radius 1 m at one end, and a long 
(100 mm) Fabry Perot (FP) etalon of reflectance 43 at the other. Another short (5 mm) FP 
etalon of reflectance 65 % is also housed in this cavity. The SLM operation of the laser is 
accomplished by the combined effect of both etalons. The cavity is folded to allow the 
etalons to be located on a single stand, so that both etalons are thermostatted together and 






Fig. 5 Components of the Nd:YAG laser cavity. 
A saturable absorber cell located at the concave mirror and containing a solution of bis(4~ 
dimethylaminodithiobenzyl nickel) (BDN) in dichloroethane (DE) is responsible for the 
passive Q-switching of the cavity. Increasing the BON concentration shortens the pulse 
length. The pulse length is adjusted to be in the range 15 - 20 ns, as shorter pulses would 
damage the concave mirror while longer ones decrease the frequency-doubling efficiency of 
the KDP crystal. A pulse length = 17 ns was used during this study. A polarizer inclined 
at the Brewster angle (57°) produces a horizontal polarization on the IR radiation by 
reflecting out of the cavity only vertically polarized light, thus spoiling the gain of the cavity 
and favouring horizontally polarized light. Finally a diaphragm with circular aperture of 
diameter 2 mm which suppresses all but the' lowest order transverse mode (TEM00), is 
situated between the Nd:YAG rod and the polarizer. 
The f R beam leaves the cavity and passes through a two-stage amplification system before 
being frequency-doubled by a type 2 KDP (potassium dihydrogen phospate) crystal. This is 
most efficient in frequency conversion when the input radiation is circularly polarized. The 
'A/4 plate before the amplifiers performs this task. The amplifiers are again 7 mm diameter 
YAG rods, so to maximize the amplification of the IR beam, the 2 mm diameter beam must 
be expanded io = 7 mm in order to fill the amplifiers completely. This increase in diameter 
is accomplished by allowing the beam to expand under its own diffraction, before being 
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amplified. Multiple reflections across a folded path length of 6 m ensures sufficient 
diffraction to expand the beam to the desired 7 mm diameter. 
The frequency-doubled (green) beam is then split off at two stages by beamsplitters (BS) and 
used to pump and amplify the dye laser. The dye laser has both oscillator and amplifier cells 
through which a dye solution flows. These are pumped transversely by the Nd: YAG beam, 
and for maximum emission from the dye, both the dye laser beam and the green beam must 
have the same polarizations. This is only possible if both are vertically polarized, and the 
KDP crystal is aligned so that it emits vertically polarized light. 
The dye solution used in the dye laser is stored in flasks attached to an electric pump and 
plastic tubing. The flasks are flushed clean with the solvent when the dye is being changed, 
and a solution of the dye in ethanol is then added to the flasks. Increasing the concentration 
of the solution increases the dy,e laser wavelength and this allows for selection of the 
appropriate wavelength or wavelength range. 
The dye laser operates broadband over a range of approximately 10 nm, this varying with 
the particular dye. Too high a dye concentration however means that the pumping Nd: Y AG 
beam will be absorbed in a shorter distance in the dye cell, producing non-circular dye beam 
profiles. Thus the dye concentration needs to be adjusted for both dye laser wavelength and 
beam quality. Crescents and incomplete discs profiles with diameters of 8 mm, have been 
observed. Interference rings due to the dye cavity are also visible in the profile. The 
Nd: Y AG beam profile is elliptical in shape with dimensions 6 mm horizontally and 4.5 mm 
vertically. Thus the lasers' ·beam profiles are not Gaussian or plane waves, but a more 
complex combination of these. 
Finally the path of the green laser beam is folded to ensure that it emerges in temporal 
coincidence with the dye laser beam. 
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3.1.2 Operation of the Etalons 
It is important to examine the detailed workings of the etalons contained in the Nd: Y AG 
cavity, as these are very effective in producing single longitudinal mode stability of the 
Nd: Y AG beam. This stability unfortunately affected an attempt at Stimulated Raman 
Scattering (SRS) production in diamond, so discussion of how the laser is designed to 
passively maintain a single longitudinal mode is needed. 
The laser cavity is physically 1 m long, but due to refractive components contained within, 
notably the 115 mm long oscillator Nd:YAG rod of refractive index 1.818, it has an optical 
path length of 1.1 m. Longitudinal modes of frequency 
me 
vcav = 2L, (40) 
will be sustained by the cavity, where mis the mode number, L the optical cavity length and 





where the subscript cav denotes the cavity. The etalons can be described by multiple beam 
interferencel241 with their relative transmissions given by 
It - [1 - A ] z __ l -
Ii - (1 - R) [1 + Fsin2(o/2)]' 
(42) 
where R is the reflectance, A the absorptance (negligible in our case), and the ratio 
F = 4R 
(1 - R)2 ' 
(43) 
is related to the finesse. The phase difference o between successive interfering light rays is 
defined as 
25 
41rn o = Tdcose1 + 2</>, (44) 
where n is the etalon refractive index, d its length, el the angle at which the light leaves the 
etalon and </>an additional phase shift introduced by reflections. The etalon reflectance is then 
just l - Eq. (42). Within the laser cavity, the radiation is nearly normal to the etalons so that 
we may let e, = 0. Now from Eq. (42), the transmitted light will be a maximum when o = 
27rm, and Eq. (44) then shows that the difference in frequency :between the transmitted 
frequencies, often referred to as the free spectral range, is 
(45) 
Eq. (45) obviously also hold true for the reflected light. The number of cavity modes in one 
transmission or reflection cycle of a single etalon is then simply 
L = nd· 
(46) 
The Nd: YAG gain curve has a bandwidth on the order of 30 GHz, thus with t::.vcav :::::: 140 
MHz, there will be :::::: 220 potential cavity modes. The long etalon is used in reflection and 
its effect, from Eq. (46), is to overlap with only 29 of these modes. The short etalon is used 
in transmission (positioned so that reflected IR light leaves the cavity), and from Eq. (46) 
again, has only 1 mode in common with the laser cavity. Its high reflectance modulates the 
cavity modes (Eq. (42)), so that only 9 have a transmission of more than 90%. The gain 
curve and modulation of the cavity modes are graphically illustrated in Fig. 6. The overall 
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Fig. 6 Individual modulations of the Nd:YAG IR radiation due to the short and 
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Fig. 7 Overall transmission of Nd: Y AG IR radiation due to superposition of 
cavity and FP etalon modulations. 
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This is a typical condition for the cavity to be in, and single longitudinal mode operation is 
assured since the mode with highest intensity (only one exists) will go through threshold first 
and be amplified by the cavity gain. The other modes will then not reach threshold at all, and 
al I the energy stored in the Nd3+ population inversion will be used in amplification of the 
solitary mode. In practice dual-mode shots are occasionally observed, this being due to the 
laser table heating up and the cavity length L expanding marginally. vcav then changes, as 
does liv,.11 ,, and the effect of the etalon modulate is to produce two modes with equal (or very 
nearly equal) intensities. Both reach threshold (nearly) simultaneou'sly and a dual-mode shot 
is amplified. Three-mode beating is very unlikely, and has not been observed during this 
research. 
3.1.3 Spectrometer 
The spectrometer used in the Laser Laboratory. is a SOPRA CARS CS02 0. 75 m 
spectrometer with a 60 mm diameter 2100 lines per mm holographic grating. A 1024 channel 
EG&G Princeton Applied Research Corporation (PARC) Optical Multi-channel Analyser 
(OMA) is used for detection. An appropriate detector controller provides the high voltage 
supply and interface to the OMA. This controller also digitised the OMA response for data 
processing by computer. Thus the diode response is presented as 1024 consecutive pixels. 
The OMA detector is an intensified photo-diode array, each diode being 25 µm wide. The 
dispersion of the spectrometer/OMA combination at the CARS wavelength for diamond (see 
~ 3.2.1) is 0.259(6) cm-1/pixel. The corresponding grating resolution is = 1/6.26 cm-1 , 
equivalent to 0.62 of a pixel. When the f-numbers of the spectrometer and the input light (in 
th is case the CARS beam) are matched, the beam size at the entrance slit is :::::: 10 microns 
translating to an image size on the OMA detector :::::: 20 microns. This is again less than the 
breadth of one diode. The largest source of spectrometer/OMA error is the cross-talk from 
the OMA diodes due to the electronic intensification process and amounts to two or three 
pixels. The detector has been found to obey Poisson statistics i.e. for N shots of equal 
intensity, the error is {N. 
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3. 2 Experimental setup 
The experimental setups used are strongly influenced by particular properties of the sample, 
especially the exceptionally high refractive index of diamond. A discussion of these 
properties of diamond is therefore needed before proceeding, and is now presented. 
3.2.1 Diamond 
Diamond consists of carbon atoms covalently bonded in a cubic crystal structure with space 
group Fd3m1251 , so that its point group is m3m1261 • The Bravais lattice is face-centred cubic 
with a basis of two carbon atoms at coordinates (0,0,0) and (1,4, 1,4, 1,4 ). The coordination 
number is 4, these nearest neighbours arranged at the corners of a regular tetrahedronl251. The 
tetrahedral angle is 109° 28'. Another description of this arrangement is that two face-centred 
cubic lattices with single carbon atoms at each lattice point are combined, or rather 
intermeshed and their origins displaced in a direction [ 1,4, 1,4, 1,4]. This structure is sometimes 
called the diamond unit cell. 
Using this crystal symmetry information with regard to the susceptibility structure and 
remembering the effect of CARS on this symmetry (described in Chapter 1), it can be 
deduced that there are 3 independent cubic susceptibility components1201, 
xiJiJ and 
with obvious degeneracies of 6, 6 and 3 respectively. However from group theoretical 
considerations it can be shown1271 that the derived linear susceptibility aiJ.k for this space 
group is non-zero and triply degenerate only for i ;C j ;C k. This implies that only one 
Raman-active mode exists for diamond and that Xu;; = 0, from Eq. (35) and Eq. (36). 
The diamond crystal is clear and transparent to the eye when polished, while being an 
extremely hard substance. Three polished type IA diamond crystals cut along the (110) 
crystal plane, were kindly provided by De Beers Industrial Diamond (Pty.) Limited for this 
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work. Their useable dimensions were 5 mm x 2.5 mm x 1 mm, 5 mm x 4.5 mm x 1 mm 
and 5 mm x 4 mm x 1.5 mm, with two opposing faces being polished. These faces were 
nearly parallel, with this lack of perfect parallelism not being a hindrance experimentally. 
The crystals were used interchangeably in the experiments, these often repeated with a 
different crystal. 
The Raman shift vR for diamond is 1332 cm·1 17·28·29·301, this being ~nown from spontaneous 
Raman spectroscopy. This information allows the calculation of the Stokes and CARS 
wavelengths from Eqs. (3) and (4), given the pump Nd: YAG laser wavelength of 
f... 1 = 532 nm. The Stokes wavelength is Ai = 572.6 nm (yellow-orange) while the CARS 
wavelength is expected at f...3 = 496.8 nm (in the blue of the visible spectrum). 
The phase matching condition Eq. (19), as shown in the BOXCARS geometry Fig. 2, 
required the calculation of the pump and Stokes crossing angle 8. From Fig. 2 and 




Values for the dispersive refractive index for diamond were obtainedl311 and used to fit the 
Cauchy equation1241 
n =A B C + - + - + ... , 
f...2 f...4 
(49) 
to second order inf... only, and our required n1, n2 & n3 (equal to 2.4261, 2.4197, & 2.4329 
respectively) were interpolated from this. (} was found to be 1.48°. However, we have to 
remember that this is the crossing angle for the two beams inside the diamond crystal, which 
must not naively be thought to be the same as outside, i.e. in air. This is due to diamond's 
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high refractive index of 2.4 which implies 
that the crossing angle in air <P (see Fig. 8) 
will be different to 0. 
The geometry of Fig. 8 together with Snell's 
law give 
sme 1 = n1sino 1 (50) 
SII1e2 = n2sino2 = n2sin(0 - o1), 
so that the outside crossing angle is 
</> = El + Ez 
ndiamond 
Fig. 8 Effect of refraction on the laser beams. 
= arcsin[n1sino1] + arcsin[n2sin(O - o1)]. 
(51) 
Th is allows us to select any reasonable incident pump beam angle, o1• A spreadsheet was 
constructed with all possible o1's, the corresponding <P's and focal length of the converging 
lens to be used, given the Nd: Y AG beam diameter. This allowed us to select the appropriate 
lenses to use from our stock, and to design the experimental setup accordingly. Note that 
with ¢fixed, rotation of the crystal changes the o's and therefore 0. This allows the intensity 
dependence of the phase matching factor sinc2(~kL/2), to be studied by rotation of the 
diamond crystal. 
3.2.2 Laser dye 
With this Stokes wavelength in mind, the best dye to use in the dye laser turned out to be 
Rhodamine 6G (Rh 6G), since it peaks at 568 nm with a bandwidth of 40 nm from 552 nm 
to 592 nm, when dissolved at a concentration of 0.14 g/l in methanol1321 • A solution of 
ethanol (EtOh) and Lambda Physik LC 5900 MW 479.02 Rh 6G dye was prepared for the 
dye laser. The peak dye laser wavelength was adjusted as described above with an eventual 
concentration of 0.179 g/l in the oscillator circuit and 0.0314 g/l in the amplifier circuit. 
When the dye solution was changed for the second round of experiments, the concentrations 
turned out to be 0.216 g/l and 0.0361 g/l respectively. 
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3.2.3 Dichroic mixing plate and experimental setups 
A key component in the CARS system is the dichroic mixing plate (filter) for combining 
pump and Stokes pulses. We preformed some preliminary experiments with the dichroic 
mixing plate supplied as standard on the SOPRA CARS laser table. This mixing plate was 
optimised for N2 thermometry, with a centre wavelength f.0 = 570 nm. It is a long wave pass 
filter which transmits the longer 607 nm dye radiation used for the nitrogen studies, and 
reflects the Nd: YAG beam. We established that the transmission of the 572.6 nm Rhodamine · 
6G dye radiation being used for this diamond CARS work, was too low. At shorter 
wavelengths, the transmission decreases rapidly. A dichroic mixing plate with", = 550 nm 
and optimised for the 572.6 nm Stokes transmission was then procured. This had to be 
manufactured being a non-standard optical component, and was not immediately available. 
In order not to lose valuable research time while waiting for this component, several 
experimental designs were used. Two types of detectors were also used, so that a total of 6 
experimental variations were attempted, the complexity of each dictated by the particular 
CA RS feature being studied. The phase matching condition in particular, required careful 
experimental setups in order to maximise the CARS signal. These variations will first be 
described below together with their pros and cons, and the experiments performed using 
these in the following chapter. 
3.2.3.1 Experimental Setup 1 
Fig. 9 shows the first experimental setup attempted. The green Nd: YAG and yellow dye 
beams leave the laser table parallel, through the use of a dichroic mixing plate (DC), and 
separated by - 10 mm, achieved by rotation of a translation plate (TP). 
They are then reflected by a prism (P) into a 150 mm convex lens (L), and focused onto the 
sample (S) which is positioned by a goniometer. This instrument allows for six degrees of 
freedom; three translations and three rotations. This was important in selecting the correct 
internal crossing angles of the laser beams, as indicated in Fig. 8. A second 150 mm 
collecting lens ensures parallel propagation of the beams which then impinge onto a 500 nm 
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short-wavelength pass filter. The input laser beams are reflected, and the CARS signal (when 
present) transmitted, to be reflected into the spectrometer. The OMA is controlled by an 
EG&G PARC Detector Interface Model 1461, while an Elteknix 5502 20 MHz oscilloscope 
displays the spectrum, and a computer (PC) performs the shot triggering, electronic detection 
and storage. 
Th is setup allows for the phase matching angle to be selected as unambiguously as possible, 
i.e. with J).k as nearly as possible equal to zero. After much adjustment of the various 
parameters available to us, viz. laser power, laser beams polarizations, placement of the 
sample in the beams path, and most importantly the crossing angle of the laser beams, we 
failed to detect the hoped for CARS radiation, other than for very rare flashes of collimated 
blue light. 
Three points contributed to this failure: 
( 1 ) The standard Ao = 570 nm dichroic mixing plate was not suited for the dye 
wavelength, with more than 603 of the yellow light being reflected. The 
addition of an interference filter into the dye laser cavity to shorten the 
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bandwidth of the dye laser improved matters, but failed to solve the problem. 
This prompted the purchase of a custom built dichroic filter, reflecting 90 % 
of the pump beam while transmitting an identical percentage of the Stokes 
beam at 45 ° incidence. 
(2) The tight focusing of the laser beams by the first lens results in too high an 
intensity at the focal point ( - 1. 3x1011 W /cm2), causing damage to the 
crystals by burning holes on the surface. The sample crystal thus had to be 
constantly moved to enable the laser beams to penetrate an undamaged area, 
only to be damaged further. 
(3) The phase matching condition guarantees that the CARS beam should appear 
deviated from both the laser beams. This meant the CARS signal had to be 
detected visually, before it could be directed into the spectrometer. In 
hindsight it is likely that this experimental setup worked, but produced too 
weak a CARS signal to be detected by the eye. We did try to align the beam 
into the spectrometer, which at best of times is a very delicate operation, but 
since we could not see any signal, and because of the long distance to the 
spectrometer grating through a slit (3 m), we had a very small chance of 
succeeding. 
Accordingly we abandoned this setup, and redesigned our experiment to account for the first 
two obstacles. 
3.2.3.2 Experimental Setup 2 
The modified experimental setup is shown in Fig. 10. The dichroic mixing plate was 
removed and a mirror employed to deviate the pump beam out of the laser table, while the 
dye beam was left undisturbed. The beams are crossed before the second mirror and 1 m 
from the 150 mm focusing lens. They therefore cross 170 mm from the lens, 20 mm from 




Fig. 10 Experimental Setup 2. 
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The sample is placed at this crossing (interaction) point, and a second collecting lens (also 
150 mm) prevents further deviation of the laser and CARS beams. The 500 nm short-
wavelength pass filter then reflects the input laser beams, and a mirror reflects the CARS 
signal into the SOPRA CARS CS02 spectrometer and attached OMA. The detection and 
storage apparatus was the same as used in Experimental Setup 1. The polarizing components 
POL1 and POL2 were rotatable and fixed ''Jl..12 plates respectively, and POL3 was a Glan-
Thompson polarizer. These were optionally included in the beam paths, depending on the 
nature of the experiment. 
Th is configuration eliminates the need for a dichroic mixing plate, while utilising lower 
intensities ( - 19 MW /cm2) and a larger spread of k vectors at the interaction point. These 
points mean that less of the dye beam-energy is lost, the crystals are not damaged and the 
probability of Eq. (19) being satisfied is significantly increased. However the spread of k 
vectors implies that t:.k = 0 is satisfied by a set of k1 and k2 vectors, so that an accurate 
investigation bf the CARS intensity on sinc2 could not be accomplished. 
35 
3.2.3.3 Experimental Setup 3 
With the arrival of a dichroic mixing plate with Ac, = 550 nm, optimised for beams at 532 
and 573 nm, we wished to study the sinc2 intensity dependence, so attempted the unfocused 
collinear arrangement shown in Fig. 11. 
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Fig. 11 Experimental Setup 3. 
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The schematic indicates the extent of the laser beams' waists, and not a typical ray as was 
previously the case. The dichroic mixing plate replaces the mirror, and the beams leave the 
laser table collinear. They are reflected onto the optics stand where their diameters are 
reduced by a Galilean telescope (a convex lens followed an appropriate distance by a concave 
lens), to increase the beams intensities. The beams enter the sample which can now be 
rotated to select the crossing angle unambiguously (Fig. 12), since k1 and k2 are now unique. 
As before the short-wavelength pass filter rejects the laser radiation, and the potential CARS 
signal is diverted into the spectrometer. 
However, calculations of the required rotation of the sample to select the correct phase 
matching angle revealed that this setup would not produce a CARS signal at all. The crossing 
36 
angle is merely the difference in angles of 
refraction I 01 - 02 I for the two input beams, 
and this difference is at most 0.07° 
( ~ I . 48 °) due to the refractive indices n1 
and n2 being too similar. This simple, 
elegant geometry consequently had to give 
way to an unavoidable complexity in order 
to test the CARS intensity sinc2 dependence. 
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3.2.3.4 Experimental Setup 4 
Fig. 12 Beams crossing geometry for unfocused 
collinear beams. 
Fig. 13 is a schematic of the setup that enabled a proper investigation of the intensity sinc2 
dependence. The lasers' beams rays are indicated. The optional polarization components 
POLI & POL2 were used in certain of the experiments performed with this setup, with 
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The appropriate dichroic filter is used to separate the green and yellow beams as they leave 
the laser table. These are deviated by a mirror (M) onto the optics bench where they pass 
through a Fresnel bi-prism (BP) to converge the rays. A reversed Galilean telescope 
comprising a 150 mm focal length converging lens and a -32 mm focal length diverging lens 
then reduces the beam waists. The beams cross at an angle obtained from the calculations 
mentioned earlier (§ 3.2.1), and the sample rotated within the beam crossing region to select 
the internal crossing angle </>. 
The 500 nm short-wavelength pass filter reflects the laser beams and the CARS signal passes 
through a slit, which also serves to reduce strong scattered green and yellow light, such as 
that reflected from the laboratory walls. Note, that the slit could have been used on its own 
to isolate the CARS signal due to the phase matching criterion, but the angular deviation of 
the CARS signal from the exceptionally bright green beam is small and to see the signal 
visually is impossible without the filter. The CARS signal is reflected into the spectrometer, 
which is the same as used in Experimental Setup 2, as is the associated detection and control 
equipment. 
The beams crossing angle e was found to be = 4.2 ± 0.2°, by removing all components 
after the diverging lens and measuring the beams' separation 2.1 m from their crossing point. 
The divergence of the beams at their crossing point was also established by measurement of 
their spot sizes (waists) at the crossing point and at this 2.1 m position. 
To a first approximation the laser beams can be treated as being Gaussian at the crossing 
point, where they assume their minimum diameter. The Gaussian beam waist at a distance 
z from the minimum waist w0 is given by 
where the Rayleigh length Zr is 
2 
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Eliminating this influence from the measured spot sizes allowed us to calculate a divergence 
due to the optics of 0.066° for the green Nd:YAG beam and 0.0079° for the yellow dye 
beam. These small divergences allowed for the CARS phase matching condition to be 
properly investigated. 
The geometry of the overlapping beams results in an interaction region about 20 mm long, 
significantly longer than the crystal dimensions. 
3.2.3.5 Experimental Setup 5 
The detection equipment used in Experimental Setup 4 was replaced in order to obtain better 
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A fast PIN-diode was used in place of the OMA and spectrometer, with its output being 
displayed on a Tektronix 2467 intensified 350 MHz oscilloscope. An optic fibre fed a time 
delayed portion of the Nd: Y AG beam (split off from the laser) into t.he PIN-diode, producing 
a time-delayed pump intensity reference signal on the same oscilloscope trace for comparison 
purposes. A 90 mm focal length converging lens was used to focus the CARS signal onto the 
diode, since rotation of the sample meant that the CARS beam would move in a horizontal 
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plane (due to phase matching) with the change in crossing angle</>. A CCD camera was then 
mounted onto the oscilloscope to record the traces digitally. 
A PC controlled the triggering of the laser and after a suitable time delay, the camera. The 
program Pulsed Laser Oscilloscope Program (PLOP) had previously been written by Allan 
Hanbury of the Laser Laboratory. At an interval of 1 s PLOP outputted a TTL pulse to the 
laser control system, triggering 1 Hz single laser shots. These laser pulses generated a CARS 
signal and this together with the Nd: Y AG signal from the optic fibre was detected by the PIN 
diode and displayed on the analog Tektronix oscilloscope. Approximately 50 ms after the 
laser was triggered, another TTL pulse sent from PLOP to the CCD camera opened the 
camera shutter for 200 ms to capture the coml:>ined CARS and Nd: Y AG signals. PLOP then 
downloaded the 8-bit greyscale TIFF image from the camera to the computer's hard disk 
before triggering the next laser shot. PLOP therefore provided us with the capability to use 
the analog oscilloscope as a digital storage oscilloscope. When the hard drive's capacity was 
fully utilised, PLOP ceased firing the laser and converted all the stored oscilloscope bit-
mapped traces to numerical traces. 
The oscilloscope initially was triggering on the electromagnetic noise of the laser capacitor 
banks, but this was eliminated by employing a double trigger. The oscilloscope was first 
triggered from the computer, after which a second delayed trace trigger ran, the delay 
selected being long enough for the electromagnetic noise to pass. 
3.2.3.6 Experimental Setup 6 
With the dichroic mixing plate in place, a modified Experimental Setup 3 was tried. This 
corresponds to that used by Levenson et alY1, Fig. 15. The lasers' beam diameters are again 
shown and the beams are once more collinear upon leaving the laser table. They are reflected 
onto the optic bench, where they are focused onto the sample by a 150 mm focal length 
converging lens, before being collected by an identical lens. The short-wavelength pass filter 
reflects the green and yellow beams, transmitting the CARS signal which is reflected into the 
spectrometer. POLI is a rotatable 'A/2 plate and POL2 a fixed 'A/2 plate. This configuration 
is very simple and easily produces the desired CARS signal. The input laser beams once 
again have a spread of k vectors in their profiles, with a set of these satisfying the phase 
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Fig. 15 Experimental Setup 6. 
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matching criterion. The transverse profile of the CARS signal upon leaving the sample is that 
of a cone, becoming a cylinder after the collecting lens. As discussed above, this setup is not 
ideal for probing the intensity sinc2 dependence. Also, the CARS signal produced is - 20 
times lower in intensity than that produced by Experimental Setups 2,4 or 5. 
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Chapter 4 
Results and Discussion 
The various experiments performed during this study are now described. The results of these 
experiments and comparison of these results, where appropriate, with those reported in the 
I iterature are also presented. This chapter is divided into three sections. This first deals with 
the attempt to observe Stimulated Raman Scattering in diamond, the second with results 
deduced from the spectral data obtained, and the third with results inferred from the various 
CARS intensity investigations. This last section includes the investigation into the importance 
of phase matching in diamond, and polarization studies from which the ratio of the non-
vanishing components of the cubic susceptibility tensor was determined. 
4. 1 Stimulated Raman Scattering (SRS) 
As mentioned before, a narrowband Stokes source would improve the CARS intensity 
dramatically, and this was an incentive to demonstrate SRS in diamond. Using the Nd:YAG 
laser as pump, the SRS process would produce radiation at the (first-order) Stokes 
wavelength together with higher order (w1 + nwR) and anti-Stokes emissions (w1 - nwR). SRS 
in diamond has been reported by McQuillan et al.1291 using a giant-pulsed 30 ns ruby laser. 
Experimental Setup 6 was used with the dye beam blocked off and a short-wavelength pass 
dichroic filter placed in front of the focusing lens, 20 cm from the diamond crystal. This 
formed half a cavity in order to enhance the SRS stimulation with the highly refractive 
polished diamond surfaces serving as part of this Raman resonator. The spectrometer was 
positioned at the first-order Stokes wavelength in the hope of observing this emission. On the 
vast majority of laser shots, no sustained SRS emission was observed. Increasing the laser 
intensity merely burnt holes on the sample surface. However, there were occasional 
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exceptional shots where a very strong SRS emission was observed. We believe that the 
reasons for this failure are two-fold: 
( I) The occasional SRS emission was so large as to saturate our detector, 
suggesting that this was a result of a multi-mode laser shot. These mode 
beatings are ""' 6 ns apart as opposed to the ""' 17 ns pulse length of the SLM 
shots. We think that Stimulated Brillouin Scattering (SBS) rather than SRS 
was excited for the majority of pulses, except when the multi-mod~ pulse was 
of sufficiently high intensity. The Brillouin gain threshold would be reached 
before the SRS threshold due to the longer pulse times. Ramdasl331 measured 
the Brillouin shift in diamond to bt1 3 cm·1• We could not confirm our 
suspicions that SBS was being favoured over SRS, as the Brillouin wavelength 
shift would be too small to separate from the (high intensity) Nd: Y AG line 
without damaging the spectrometer grating. Acquiring a proper Fabry Perot 
etalon would confirm SBS, but this was deemed to require too many resources 
and would deviate from the focus of this study. The McQuillan study asserted 
that their ruby laser was single longitudinal mode, though we have to doubt 
this claim in the light of our own findings and the date when their work was 
performed. 
(2) McQuillan et al. also reported that the SRS threshold was - 1100 MW /cm2• 
This high threshold requirement for SRS was also remarked upon by Nibler 
and Knightenr151. We managed to reach - 100 MW/cm2 before the crystals 
were damaged and believe this inability to extend the laser intensity without 
damaging the diamond was due to the crystal polishing not being up to optical 
standard. It was apparent that the roughness of the crystal surface played a 
dominant part in determining their damage threshold. Increasing the intensity 
above this value in the hope of at least seeing an SRS signal in the single laser 
pulse it took to damages the surface, was in vain. 
It is the combination of the above two factors that contrived to prevent us observing an SRS 
emission from diamond. 
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We then attempted to destroy the mode stability of the Nd: Y AG laser by adjusting the 
cavity's optical length. We inserted a block of quartz into the cavity and rotated it while 
watching the time profile of the laser pulse on the oscilloscope (see Experimental Setup 5). 
All this accomplished was the reduction of the laser power. Adjusting the short etalon in the 
cavity also proved to be futile, and the drastic step of removing it altogether was then taken. 
The only axial mode selection component left was thus the long FP etalon, which formed one 
end of the cavity and therefore could not be adjusted. To our surprise the oscilloscope 
showed the laser pulses to still be single longitudinal mode. Further analysis of the effect of 
the etalon within the cavity confirms this. With reference to Fig. 6, elimination of the short 
etalon curve yields a laser mode structure shown in Fig. 16. Again one mode will reach 
cavity gain threshold first, and be amplified as the others are extinguished. 
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Fig. 16 Modulated Nd:YAG cavity modes with short Fabry Perot etalon 
removed. 
Hence we were not able to produce multi-mode laser pulses at will, and could not test our 
hypothesis regarding the time-dependent gain threshold of Stimulated Brillouin versus 
Stimulated Raman Scattering. The failure to exhibit SRS in diamond was disappointing, and 
it seems that a multi-mode laser would be more suited to this process. Alternatively, if one 
used an actively Q-switched SLM laser with electronic synchronization of the cavity (such 
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as one from Light Wave Technologies), it would be possible to switch off the electronics and 
establish multi-mode operation. 
4.2 Spectral information 
Many of the experiments performed in this study utilised the spectrometer for measuring the 
CARS signal intensity. This provided an abundance of spectral da~a with which to analyze 
the I ineshape, linewidth and Raman shift of the CARS signal. In particular, data from 
experiments using Experimental Setup 2 was used to determine the lineshape characteristics 
and provide information on the resonant XR and non-resonant XNR susceptibilities, while the 
Raman shift vR was determined using Experimental Setup 4. We could also directly record 
a spectrum for the Nd: Y AG laser. This was crucial to this analysis, since it allowed wR, and 
therefore vR, to be measured through Eq. (3), and allowed the instrumental linewidth function 
of the detector to be determined. 
The Raman shift vR was determined using Experimental Setup 4. The spectrometer was first 
calibrated using the strong 435.8 nm and 546.1 nm lines1341 from a Hg lamp. These lines 
were used since they were the only strong lines available in our region of interest, i.e. 
containing w, and w3 • The spectrometer optics, which comprised a lens to focus the dispersed 
light onto the OMA, was adjusted to minimise the widths of both the Hg wavelengths' 
spectral I ines reasonably well. Total minimising of either of these wavelengths, degraded the 
Ii newidth and I ineshape of the other, so that a compromise focal position of the lens was 
obtained. The spectrometer is designed so that its slit plays no part in obtaining a narrow 
spectral profile, other than to eliminate stray light. 
The pump Nd: YAG light was then recorded (see Fig. 17), followed by the CARS signal. 
Adjustments were made for the dispersion of the spectrometer grating at the pump and CARS 
wavelengths. Using the angle through which the grating was rotated in measuring the pump 
and CARS spectra, together with the grating dispersion relation which is a function of this 
angle, we were able to obtain a value for vR. A final adjustment for the relative position of 
the two peaks on the 1024 pixel OMA, provides a value of vR = 1332.8 ± 2.0 cm·1 for the 
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Raman shift. This agrees favourably with the Raman shift quoted for diamond in the 
I iterature'28•7·29•30I. Titkov et alY 41 reported a ney.r Raman line for brown diamond at a 
wavenumber shift of 1328 cm-1• They ascribed this new line to plastic deformation of the 
crystal, probably as a result of the large number of dislocations present in their sample. The 
CARS spectra recorded by us covered a large enough wavenumber range to include this new 
line. This 1328 cm-1 was not observed in any of our diamond samples. This reported line 
could therefore be unique to brown diamonds, or as asserted, due to plastic deformation of 
the crystal. 
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Fig. 17 Nd:YAG spectrum, with fitted Gaussian curve. 
A typical CARS wavenumber spectrum is shown in Fig. 18. A visual inspection of the 
spectrum suggests that the lineshape obeys Eq. (37). The Lorentzian nature of the spectrum 
is expected from the outline of the CARS theory and in particular the resonant behaviour of 
the process. Fig. 18 also show an asymmetry in the spectrum, with a diminishing tail 
evident. However, there does not appear to be a large non-zero baseline present, implying 
that the non-resonant susceptibility XNR is small in comparison to the resonant susceptibility 
Xu· We are also led to this assumption by Levenson and Bloembergen181 , who reported a 
value for the resonant susceptibility of diamond two orders of magnitude greater then the 
non-resonant values they calculated. 
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Thus we expect the second and third terms in Eq. (37), to be dominant in fitting a curve to 
the CARS spectrum, and the influence of the first term to be negligible. 
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Fig. 18 CARS spectrum with fitted modified Voigt curve. 
We therefore expected the CARS signal to fit as 
, 2xNRxR x~ 
L = ---W + ---
w2 + r2 w2 + r2 
= w2 ~ r2(l + WXrario) 
= L(l + WXrario)' 
(54) 
where the Lorentzian profile has been identified as L, and Xrario is the ratio of the non-
resonant to resonant parts (multiplied by two) of the third-order susceptibility. 
The influence of the OMA detector in terms of the detector noise, first had to be taken into 
account. The green Nd: Y AG light has a linewidth of 195 MHz corresponding to a 
wavenumber of 0.0065 cm·1• Its spectrum should therefore appear as a single unbroadened 
I ine, since the OMA has a dispersive resolution of 0.2195 cm·1 at the green wavelength of 
532 nm. However, it is obvious from Fig. 17 that this is not the case. The spectrum is 
therefore that of the detector response. We fitted a Voigt profile, i.e. the convolution of the 
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(55) 
to the Nd:YAG spectrum and obtained an excellent fit to the Nd:YAG data. Note that we 
have set r = A as this is the variable name used in the curve fitting program. The curve 
fitting was performed by software written by Professor Gerald Robertson in Fortran and 
executed on a Intel based PC. This program implemented the Levenberg-Marquardt non-
1 inear least squares fitting algorithm, and its operation will be discussed below. This program 
made use of the Harwell library of subroutines, as did the other curve fitting software 
mentioned later in this section. 
The program reported that the Nd: Y AG radiation had a Gaussian linewidth (FWHM) of 
0.676 ± 4.33x10-3 cm-1, convoluted with a Lorentzian of Iinewidth (FWHM) 
0.264 ± 4.56x 10-3 cm-1• We now expected the measured CARS spectrum to be a 
convolution of this detector response V, and L' i.e., 
l 3(w) = V(w) * L' (w). (56) 
Two approaches presented themselves in trying to fit this function to the spectral data. A 
deconvolution of the measured spectrum /3 could be performed, whereby the Voigt profile 
is divided out of the data, leaving the CARS signal L '. This has the disadvantage of 
introducing noise into the CARS spectrum, since the deconvolution would be performed 
numerically. The second method, and the one that was implemented, involves making use 
of the fact that the Fourier transform of a convolution of two functions is just the product of 
the Fourier transforms of the functions, 
(57) 
Now the Fourier transform of the Voigt profile Vis, making using of Eq. (55), 
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that is just the product of the Fourier transforms of the Gaussian and Lorentzian functions. 
Since the inverse Fourier transform of 
S = e-AJrJ 
' 
(59) 
is (ignoring scaling constants) 
1 A - iw 
(60) =---
iw +A w2 +A 2 
we see that the Lorentzian L is only the real part of this inverse Fourier transform. 
A closer look at L' reveals that its Fourier transform is nothing more than Re{ .9"'1{S}} + Xrano 
x Im { .9" 1 { S}}, where Re{} and Im{} are the real and imaginary parts of their arguments. 
Th is form of representing L' is convenient since the Voigt fitting program used on the 
Nd: Y AG data utilises the Fourier transform ideas to perform the Gaussian-Lorentzian 
convolution. The Levenberg-Marquardt routine employed in the Voigt fitting program, has 
as its input the parameters to be fitted i.e. A and B, the function to be fitted i.e. the 
convolution V, and the derivatives of this function with respect to the parameters. The input 
function is now the convolution given in Eq. (55), impossible to represent analytically so that 
it is rather expressed as the inverse Fourier transform of Eq. (58). Thus in a sense the 
parameters A and Bare fitted to Eq. (58); the inverse Fourier transform of this is taken with 
only the real part of this used, in order to isolate only the Gaussian and Lorentzian 
components. The result is the function V, which is passed to the Levenberg-Marquardt 
routine together with the appropriate partial derivatives. 
The only difference in fitting a Voigt function and the measured CARS function /3 , is then 
to incorporate the previously discarded imaginary part of the inverse Fourier transform of 
S with the original Voigt being fitted, and pass this to the Levenberg-Marquardt routine. 
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Data taken from one of the polarization studies, where the polarization of the Nd: Y AG beam 
was changed while the dye beam was kept horizontally (relative to the laboratory frame) 
polarized, was used to fit the modified Voigt function described above. The full linewidth 
at half-maximum of the CARS signal, was calculated from the parameter A returned by the 
curve-fitting function, for each polarization state. The ratio of the resonant and non-resonant 
rarts of the susceptibility x<3>, was also returned by the curve-fitting routine, for each 
polarization condition. These results are listed in Table 1. The data and fitted curve m 
Fig. 18 are for the Nd:YAG polarization equal to 20°. 
Table 1 : List of full linewidths at half-maximum of the CARS signal, and 
ratio of resonant and non-resonant parts of the cubic susceptibility, as a 
function of pump beam polarization.· Certain polarization conditions were 
repeated as part of this experiment, due to low intensities being measured at 
these points. 
Nd:YAG Lorentzian A Standard XNR Xratio 
Polarization linewidth deviation -- Standard 
(degrees) (FWHM) XR deviation 
A (cm-1) (s) 
0 2.371 0.012 -0.032 0.010 
IO 2.488 0.007 -0.026 0.006 
20 2.407 0.010 -0.029 0.008 
30 2.390 0.012 -0.031 0.010 
40 2.503 0.013 -0.027 0.010 
50 2.395 0.011 -0.032 0.008 
50 2.337 0.015 -0.027 0.012 
60 2.366 0.013 -0.021 0.010 
60 2.293 0.016 -0.028 0.014 
70 2.332 0.012 -0.026 0.010 
70 2.358 0.010 -0.028 0.008 
70 2.354 0.009 -0.014 0.008 
80 2.333 0.015 -0.027 0.012 
80 2.401 0.015 -0.028 0.012 
80 2.361 0.011 -0.030 0.010 
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Nd:YAG Lorentzian A Standard XNR Xratio 
Polarization linewidth deviation -- Standard 
(degrees) (FWHM) XR deviation 
A (cm-1) (s) 
90 2.360 0.013 -0.027 0.010 
90 2.290 0.010 -0.031 0.008 
90 2.584 0.010 -0.021 0.008 
The average full linewidth across all listed polarizations is 2.385 cm-1 (therefore half-width 
equals 1.192 cm-1) with a standard deviation of 0.0742 cm-1• Similarly, the average of the 
ratio XNRIXR = -0.0278 s with standard deviati?n of 0.0045 s. The measured linewidth agrees 
very favourably with that reported for spontaneous Raman scattering in the literature. 
Washington and Cummins1301 measured a half-width of 1.2 ± 0.2 cm-1 for their spontaneous 
scattering experiments, while Levenson and Bloembergen181 used a half-width of 1.04 cm-1• 
The ratio of the susceptibility components is of the same order of magnitude as that reported 
by Levenson, Flytzanis and Bloembergen111. They obtained a value for this· ratio (actually 
they calculated the reciprocal of this ratio), when both the laser electric fields where 
polarized along the [110] crystal direction, of 0.0476. They also state181 that non-linear 
susceptibility data is frequency dependent, and that one must take care when comparing such 
data at different frequencies. Not having the instrumental sensitivity to repeat their 
measurements of the non-resonant susceptibility components, we cannot directly compare our 
result of the susceptibility ratio at a single frequency with their calculation of the various 
components at different frequencies. We must therefore be satisfied with this order of 
magnitude agreement. 
4. 3 Intensity measurements 
Th is section presents the experiments performed, where the recorded data are intensity rather 
than spectral measurements. This includes the dependence of the CARS signal intensity on 
the intensities, polarization, and degree of phase matching of the lasers' intensities. The 
polarization data also allows the ratio of the two non-zero cubic susceptibility tensor 
components, to be estimated. Firstly though, experimental consideration that affect the 
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measured intensities must be discussed. These factors are the neutral density filters used, the 
fluctuations of the laser and the reasons for this, and the movement of the crystal relative to 
the laser beams. 
4.3.1 Neutral density filter calibration 
In the course of the our experiments, neutral density filter were utilised in the attenuation of 
the laser beams and CARS signal. A calibration of these filters and ~me combination of them, 
was undertaken to accurately establish their attenuation factors. Only the attenuation of the 
CA RS beam was measured, as the majority of this study deals with relative intensities only. 
Experimental Setup 5 was used. Neutral density (ND) filters NG3 Dl .0 and NG5 D0.3 were 
placed in the path of the green beam, and ND filter NGS D0.6 in the yellow beam. These 
lowered the input intensities to the sample, to produce a CARS signal that was usable over 
the range of filters being tested. The absolute laser intensities were not important, as the 
attenuation factor is unity, less the ratio of transmitted and incident intensities. Both the 
lasers' radiations were vertically polarized. The unattenuated CARS beam power was first 
recorded, whereafter the ND filters were inserted in this beam and these powers recorded. 
At the end of the sequence of filters, the unattenuated beam was again recorded for 
comparison purposes. 60 shots were recorded at each setting with the first 10 being 
discarded. The first 10 shots were omitted from the analysis, as previous work performed 
in this laboratory has shown the Nd:YAG laser's power to stabilise only after this number 
of shotsl351. This is due to heating of the oscillator rod and cavity. Computer programs then 
determined the intensity of each shot by summing under the curves, these being averaged and 
the error due to laser fluctuations determined. 
The average ND filter intensities were then divided by the unattenuated beam intensity, and 
l subtracted from these to produce. the attenuation factors. The results appear in Table 2. 
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Table 2 : Attenuation factors for the neutral density filters used 
in the experiments. 
Neutral density (ND) Attenuation Uncertainty 
filter factor AF in AF 
NG5 D0.3 0.55 0.046 
NG5 D0.6 0.33 0.020 
NG5 D0.3 + NG5 D0.6 0.19 0.009 
NG3 Dl.O 0.16 0.007 
The NG D0.3 and NG D0.6 results were confirmed by similar work performed previously 
in the Laser Laboratory. 
4.3.2 Fluctuations of the lasers 
Using Experimental Setup 5, the stability of the Nd:YAG and dye laser intensities were 
investigated. Both were horizontally polarized, with the unattenuated dye beam following the 
normal path and being focused onto the PIN-diode, while the optic fibre fed the green 
Nd: Y AG light into the diode. Four laser power settings were selected and 60 dye and 
Nd: Y AG shots recorded. The first 10 shots were again omitted from the analysis. A 
computer program was written to display the temporal spectra and record the peak values of 
the dye and Nd: Y AG beams. This was used to approximate the intensity of the individual 
beams. Displaying the shots allowed multi-mode shots to be excluded from the set to be 
analyzed. 
Averages and standard deviations were then calculated for each power setting, and the results 
show that the Nd: Y AG beam intensity fluctuates with an uncertainty of < 2 % , and that the 
uncertainty in the dye's intensity is < 4 % . The addition of an interference filter into the dye 
laser cavity increased the dye intensity fluctuations, and was therefore not exploited. We 
were also able to show that the dye laser intensity varied proportionally with that of the 
Nd: Y AG, by dividing the peak Nd:YAG intensity by that the dye's peak. This was done for 
all acceptable shots recorded, and the variation in this ratio was only 1.3 % . 
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While these uncertainties might suggest that the CARS intensity should only vary at most by 
4 to 5 % , th is is an incomplete picture of the CARS uncertainty. The dye laser spectral profile 
varies dramatically in terms of peak intensity and overall shape. Thus the /2 contribution at 
w~ varies in an unpredictable manner, making the CARS intensity variation theoretically 
indeterminate. 
The temporal overlap of the Nd: Y AG and dye pulses might also be thought to affect the 
CARS intensity. The difference in dye and Nd:YAG temporal peak positions was recorded 
but this showed no discernible variation. The value of 0.037 % obtained for this variation is 
largely attributable to the error in digitising the oscilloscope image. Overall then, the lasers' 
intensities are very stable but the dye spectraf profile variation from shot to shot makes the 
predominant contribution to the CARS intensity fluctuation. The precise nature of this 
modulation requires the Nd: Y AG and CARS intensities to be measured simultaneously with 
the dye spectral profile and intensity, so that a thorough understanding of the interaction can 
be sought. 
4.3.3 Movement of crystal in beam path 
As a prelude to the investigation of the CARS phase matching condition, changes in the 
CARS intensity due to movement of the diamond crystal along the beam propagation and 
transverse to this direction were scrutinised. Experimental Setup 5 was used. To investigate 
the CARS dependence transverse to the laser beams propagation, we first produced a CARS 
signal from the crystal. The crystal was then moved so that the laser beams passed through 
near one edge of the crystal. Sixty shots were recorded, with the first 10 excluded. The 
crystal was then moved (transversely) so that the beams passed through a different region, 
and 60 shots were again recorded. This process was repeated 7 times. The CARS intensity 
was estimated by summing under the curves of the recorded shots, after excluding the multi-
mode shots, and the average of each set of 50 shots taken. No significant changes in the 
CARS intensity was found in the transverse direction. 
For the direction along the beam propagation, a similar procedure was followed, with the 
only difference being the direction of crystal movement. The crystal was now moved in the 
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direction of the beam propagation. Within experimental agreement, the CARS intensity was 
constant, provided the crystal stayed within the laser beams' region of overlap. As the crystal 
moved out of the overlap region, the CARS intensity dropped rapidly. This enabled us to 
determine the position of the overlap region, and to ensure that the crystal was centred in this 
region in subsequent experiments. 
4.3.4 CARS signal dependence on pump and Stokes intensities 
From Eq. (18), we expected the CARS signal intensity to vary linearly with the dye laser 
intensity and quadratically with that of the Nd: Y AG. The experimental investigation of these 
dependencies utilised Experimental Setup 2, with either the green (pump) or yellow (Stokes) 
intensities being individually attenuated and the CARS intensity measured. Both the input 
lasers were polarised horizontally, and the diamond was rotated to optimise the phase 
matching angle and produce the strongest CARS intensity. 
The intensity of the Nd:YAG was reduced by the insertion of a neutral density filter, and the 
CARS spectrum measured with the dye intensity left unattenuated. Additional ND filters were 
inserted to further reduce the laser intensity, with the CARS spectrum being measured with 
each addition. Thirty shots were recorded for each ND filter. This entire procedure was 
repeated with the dye being attenuated and the Nd: Y AG intensity unmodified. A computer 
program was written to obtain an estimate of the average CARS intensity and the standard 
deviation of this average. This was done by summing under the spectral curves for each set 
of 30 shots, and averaging these values. These intensities were then plotted in Quattro Pro 
with the. independent variable being the filter factor (AF), and the programs linear regression 
fac i Ii ty used to fit the appropriate curves to the data. 
For the CARS signal dependency on the dye intensity (Fig. 19), a straight line was obtained 
when CARS intensity vs. AF was fitted, with the correlation coefficient reported as 0.98. For 
the Nd: Y AG dependence (Fig. 20), the linear regression was performed on CARS intensity 
vs. (AF)2, and a correlation coefficient of 0.97 was obtained. These results confirm that the 
CARS signal intensity has a linear dependence with the Stokes intensity /2, and a quadratic 
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Fig. 20 Dependence of CARS signal intensity on 
pump Nd:YAG intensity. 
4.3.5 Angular dependence of CARS signal 
The phase matching condition in the form of the sinc2 dependence of the CARS intensity, 
was experimentally investigated. Experimental Setup 5 was utilised, with both Nd: Y AG and 
dye beams being vertically polarized (laboratory frame). These polarization conditions were 
chosen since the crystal would be rotated about the vertical axis (laboratory frame) to change 
the beam crossing angle, and we required the coupling of the electric fields £ 1 and E2 with 
XcARs (see Eqs. (16), (17) and (18)) to be constant. Any other polarizations would cause the 




, as (from Eq. (16)) the components of the laser electric fields along the crystal 
axes would vary with rotation of these axes, if the fields were not polarised along the axis 
of crystal rotation. 
ND filters NG3 Dl.O and NG5 00.3 attenuated the pump beam, with the dye beam left 
unattenuated. The diamond was placed in the sample holder, and the goniometer adjusted so 
that the crystal's front face was normal to the laser beams. This established the plane of 
refraction and reflection of the beams to be constantly horizontal with crystal rotation. The 
crystal was rotated in 1° increments from a small CARS signal, through the maximum 
intensity and onwards to a small signal again, with the angle between the Nd: Y AG beam and 
the diamond surface normal o1, decreasing with these rotations. Care was taken to ensure that 
the position of the crystal in the beam propagation direction was the same with each rotation, 
and that the transverse position was also approximately the same. 
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Sixty intensity shots per angle were recorded, and the PLOP equipment allowed 8 angles to 
be recorded consecutively before the image storage facility was full. The images were then 
digitised and these oscilloscope traces stored, before the next batch of 8 angles were 
recorded. As a check for intensity fluctuations, the last angle was repeated, so that 3 data 
points are duplicated in the 31 intensities (angles) that were eventually measured. The 
intensity of each CARS and Nd: YAG shot was determined by summing under the individual 
curves. The first 10 shots per angle setting were excluded from the analysis. Each shot was 
also visually inspected and multi-mode shots excluded. An average intensity and standard 
deviation for both the CARS and Nd: Y AG beams at each angle was calculated. 
The CARS signal had to be adjusted to account for any fluctuations in the laser beam 
intensities. While the Nd: YAG intensities were simultaneously recorded, it was not possible 
with the existing equipment to record the dye laser intensity as well. In the absence of this 
information, the approximately linear dependence of dye laser intensity on Nd: Y AG intensity 
was assumed, and the average CARS intensity was taken to be proportional to the cube of 
the Nd:YAG intensity. Due to the high index of refraction of diamond, = 173 of the 
incident light will be reflected. The transmission amplitude of the Nd: YAG and dye electric 
fields at the front diamond face, varies with incident angle and is given by 
2n.COSE 
t = l 
1 n;cosE + nposo ' 
(61) 
where E is the angle of incidence, o the angle of refraction, n; & n1 the refractive indices of 
air and diamond respectively. The transmitted portion of the laser intensities is then / 1•2t\21 • 
The adjusted CARS intensity is then 
(62) 
We also needed to relate the beam crossing angle to flk, since from Eq. (18), sinc2 varies 
with th is rather than e. flk is a vector quantity defined in Eq. ( 17), and is a result of the 
lasers' and CARS's wave vectors departing from the perfect phase matching condition 
(Fig. 2). This necessitates three geometrical situations to be considered to account for all 
possible contributions to flk. 
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We first consider the contribution to !::..k from only a 
change in(), with the Nd:YAG and dye wave vectors 
k2 unchanged. Since phase matching is equivalent to 
momentum conservation, a closed vector triangle 
(Fig. 21 (a)) must always result when the wave 
vectors are added. For the enhancement ·of the 
coherent process, we require that !::..k be minimised. 
Fig. 21 Contribution to tlk from change in 
This implies that !::..k and ~ be parallel, and we 
denote· this sum k13 (Fig. 21 (b)). Thus heams crossing angle. 
!::..k = k13 - ~. and simple mathematics gives 
(63) 
Si nee k 1, k2 and k3 are known, !::..k can be calculated for any beams crossing angle () . . 




Because the dye laser is a broadband source, the 
length of wave vector k2 can change by a factor !::..k 
k2 so that k2 + !::..k corresponds to a one of the 
wavelengths in the broad dye spectral emission. The 
maximum possible !::..k then corresponds to the dye 
linewidth. However the CARS signal requires Eq. (3) 
Ak 
Fig. 22 Contribution to tlk from wavelength 
spread as a result of broadband dye 
spectrum. 
to be satisfied, restricting the choice of ki + !::..k. In 
fact, only if the fz(w 1 - w2) energy state (Fig. 1) is 
broadened energetically, will !::..k be non-zero. The 
CARS spectral data collected indicates a narrow linewidth, suggesting that the energy state 
is in fact not broadened and that !::..k = 0 for all practical purposes. Note that the Nd: Y AG 
spectrum is so narrow that any variation in k1 can strictly be ruled out. 
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4.3.5.3 Divergence of beams 
For any divergence of the laser beams in the 
interaction volume, a spread or set of wave-vectors 
t::.k will exist in each beam. Each k1 wave-vector then 
interacts with each k2 wave-vector, so that /3 is then 
a sum over all these intensity contributions. It is then 
very difficult to ask what 0 is, and this situation must 
Fig. 23 Contribution to '1k from spread ink be avoided. The divergence in our beams at the 
vt:ctor as a result of beams' divergence. 
crossing point is very small, making any contribution 
to the uncertainty in 0, and therefore t::.k, negligible. Fig. 23 is simplified to show only a 
divergence in "2, while the full picture involves divergences in both laser beams as discussed 
here. 
t::.k is then only influenced by changes in 0, and making use of Eq. (63), the recorded angles 
were converted to their appropriate t::.k values. Since the phase matching sinc2 factor is a 
function of both t::.k and L, the variation in the length of the interaction region had to be 
accounted for. This length L can be taken to be the length of the Nd: Y AG beam in the 
crystal. L varies with the rotation of the crystal, and is related to the thickness of the crystal 
L0 , i.e. the perpendicular distance between the parallel faces, by L = L0/cos(E). 
A plot was made of the adjusted CARS intensity l 3adj. versus t::.k, together with the corrected 
uncertainties. The Origin program, through the use of its Levenberg-Marquardt non-linear 
least squares fitting algorithm, was employed to fit a sinc2(t::.kL/2) curve to these data points. 
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Fig. 24 Experimental data showing the sincf(!::.kl..J2) dependence of the CARS 
signal. Ilk is due only to changes in laser beams' crossing angle i.e. phase 
matching angle. The solid line is the fitted curve. 
The algorithm returned a best estimate for the width of the crystal of 4., = 1.07 + 0.06 mm. 
This corresponds to the measured width of the sample used very well. The fit of the 
theoretical sinc2 function to the data points is good, and confirms the requirement for good 
phase matching in order to generate a CARS signal. The fluctuations in some of the data 
points are as a result of the mixing of the laser beams as discussed above (§ 4.3.2). 
4.3.6 x3 components 
It has already been theoretically established that the third-order susceptibility tensor x3 has 
only 2 non-zero components. In order to gain some information on these components (and 
therefore the susceptibility), polarization studies were performed. From Eq. (16), it is clear 
that changing the polarization of the input electric fields (laser beams) alters the CARS signal 
polarization and intensity. The experiments performed involved measurement of the CARS 
intensity, and in one case CARS polarization, as the lasers' polarizations were altered. Only 
relative values for the x3 components could be deduced, since determination of their absolute 
values would require simultaneous knowledge of both lasers' and CARS intensity and spectral 
interaction in order to accurately demodulate these from the CARS fluctuations. This problem 
has already been discussed above (§ 4.3.2). 
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We first need to express theoretically the form of the CARS intensity and polarization 
condition as a function of the input electric fields' polarizations, so that the experimental 
results can be discussed meaningfully. 
Experimental Setups 2, 4 & 5 were used to gather the polarization data and in all cases, the 
geometry of the electric field interaction with the diamond crystallographic axes, and 
therefore the susceptibility, is the same. Using the fact that the di¥tmond's polished face is 







Fig. 25 Geometry of input electric fields with respect 
to the crystal axes. 





cos11coso1a + E1sin11b + E1cos11sino1c, 
and the dye laser electric field as 
(64) 
(65) 
Note that o1 + o2 equals the beams crossing angle so that the maximum value either of these 
angles can have is - 1.5°. Eqs. (64) and (65) are then approximated by 
E1 = E1cos11a + E1sin11b 
E2 = E2cos1a + E2sinrb. 
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(66) 
The CARS signal polarization components can then be written, from Eq. (16), as 
P
0 
= 3(xabbasin211cosr + 2xababsin11cos11sinr)E;E2 




The form of the CARS intensity as an explicit function of these electric field polarizations 
is then 
/3 oc Ei oc p2 = p; + p;_ (68) 
Figs. 26 - 29 show CARS intensity /3 plotted against Nd: YAG polarization 11· By analysis 
of these curves we are able to estimate, the ratio XabbiXabab• and the parameter T 
simultaneously. A value for the unknown angle T, the dye laser polarization with respect to 
the crystal axes, is constant within an experiment but differs from one experiment to another. 
The polarization of the CARS signal is complicated by the fact the diamond is a cubic 
crystal, so that all crystal axes are indistinguishable. However, we have chosen to measure 
the angle of the CARS polarization vector relative to one of these axes and have therefore 
introduced an asymmetry into the geometry. This is evident from Eq. (66) where Pa ;C Ph 





with the actual measured values determining which form is correct. 
Two CARS intensity and one CARS polarization data sets were recorded with Experimental 
Setup 2. The dye laser was polarized horizontally (using POL2) with respect to the 
laboratory, with the Nd: Y AG polarization initially also horizontal. The crystal was initially 
rotated to provide a strong signal which was then recorded using the spectrometer .. Thirty 
shots per polarization state were recorded. The green beams polarization was then changed 
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by rotating the "A/2 plate (POLI) and this signal recorded. This procedure was followed until 
the Nd: YAG was polarized vertically with respect to the laboratory. The entire experiment 
was repeated with a second sample. None of the electric fields were attenuated. A computer 
program then displayed the individual shots, before summing under the curves to estimate 
the intensity and averaging these. The error in these average intensities were then estimated 
by their standard deviations. The Origin program's Levenberg-Marquardt routine was then 
used to fit Eq. (68) to these averaged intensities. The recorded da!a and best-fit curves for 
the two samples, denoted PDI and PD2, are shown in Fig. 26 and Fig. 27. 
The variation of the CARS polarization as a function of the Nd:YAG polarization was also 
recorded using this experimental arrangement, with the Gian-Thompson polarizer (POL3) 
employed to find a minimum in the transmitted CARS signal. At this minimum, the CARS 
electric field must be perpendicular to the Gian-Thompson transmission axis, thus the CARS 
polarization angle could be measured. The recorded data was then visually found to fit Eq. 
(70). Attempts to obtain a best-fit curve of Eq. (70) to the data PD5, proved fruitless. This 
was as a result of the ambiguity in the arctan function, since this maps its argument to the 
first or fourth quadrant (between -90° and +90°) only. 
In order for the curve fitting program to obtain any reasonable fit to the data points, this 
ambiguity had to be avoided. This could only be achieved by the inclusion of conditional 
statements which re-mapped the arctan output to the full 360° plane. These conditional 
statements meant that the derivatives needed by the curve fitting program were impossible 
to determine analytically. Attempting to calculate these derivatives numerically, resulted in 
the curve fitting program producing unreasonable fits, with the standard deviation of the 
fitted parameters being comparable to the parameter values. Various other curve fitting 
routines were attempted, with no improvement in the standard deviation. In some cases, the 
standard deviations were even larger than the fitted parameters. The only resolution to this 
problem was to use the average of the parameters (see Table 3), determined after performing 
the curve fitting to all the other polarization data PD1-PD4, to fit the arctan function to PD5. 
The data and this curve are shown in Fig. 30. 
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Experimental Setup 4 was used to repeat the CARS intensity dependence on input electric 
field polarization measurement. ND filters NG3 Dl.O and NG5 D0.6 attenuated the Nd:YAG 
and CARS beams respectively. The crystal was rotated to produce a strong CARS signal, 
after which the dye was polarized horizontally (using POL2). Again, we 'began with the 
Nd: Y AG horizontally polarized (using POLl), adjusting this polarization until the green 
beam's polarization was vertical. Thirty shots of the CARS spectra were recorded at each 
green beam polarization angle. This data PD3 was processed as before, and the results are 
shown in Fig. 28. 
Finally Experimental Setup 5 was used to record the CARS signal intensity versus Nd: YAG 
polarization data. The procedure was the same as above, except that the dye beam was 
polarized vertically using the Gian-Thompson polarizer, and the green beam polarization set 
initially vertical and rotated towards the horizontal. ND filters NG3 Dl.O and NG5 D0.3 
attenuated the Nd: YAG signal, while various filters were used diminish the CARS intensity 
whenever this was needed. Another program was written and used to plot the time spectra 
so that multi-mode shots could be excluded. Intensities (by summing under the curves) and 
standard deviations were again calculated, this time for both recorded CARS and Nd: Y AG 
signals. The AF filter factors were used to adjust for the reduction in CARS signal strength, 
before the averaged CARS intensities were adjusted for laser fluctuation~ by dividing these 
by the cube of the Nd: Y AG intensity averages. A best-fit curve was obtained as before and 
th is is presented in Fig. 29 along with the data (PD4). 
It was found that the Nd: Y AG laser beam was elliptically polarized before entering the 
crystal. This was due to the dielectric coating of the mirror(s) used to deviate the light into 
the sample. This polarization condition was not a significant difficulty as the deviation from 
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Fig. 26 Dependence of CARS intensity on polarization of the pump beam with 
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Fig. 27 Dependence of the CARS intensity on pump beam polarization. The dye 
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represents the fitted curve. 
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Fig. 29 Dependence of CARS intensity on polarization of pump beam. Dye 
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polarization. The solid line represents the fitted curve. 
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Fig. 30 Dependence of CARS polarization on pump beam polarization. Both 
pump and dye beams initially horizontally polarized. The curve uses the average 
Xmno parameter from PD1-PD4. 
From the theoretical curves fitted to the data, we were able to determine the ratio of the two 
susceptibility components. This ratio with its related uncertainty is listed in Table 3. 
Table 3 : Ratio of x<3l components 
Xabba Uncertainty 
Data set (standard deviation) 
Xabab 
PDl 0.810 0.259 
PD2 1.030 0.278 
PD3 0.760 0.281 
PD4 0.833 0.083 
The four estimates for the ratio of the non-vanishing x<3l components agree reasonable well 
with each other. In particular, the two types of related yet distinct experiments performed 
i.e. measuring the CARS signal intensity (PDl - PD4) as opposed to its polarization (PD5), 
produced similar results. This can be seen by the good fit of the PD5 data to its theoretical 
curve, where the average of the XabbalXabab values, 0.858 has been used. The standard 
deviation of this average is 0.118. This is an average over all polarizations conditions, rather 
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than at any specific laser polarization state, since these ratios were determined by curve-
fitting to polarization dependent data. However, since the electric susceptibility is a bulk 





Our investigations into Coherent Anti-Stokes Raman Scattering of diamond, has revealed 
much about the CARS technique in general. Aspects investigated include the need for phase 
matching, various intensity dependencies, and polarization studies which provide relative 
susceptibility component information. The study of the phase matching requirement was made 
possible due to diamond's high index of reJraction and significant dispersion. This necessity 
for phase matching of the input electric fields was thoroughly researched, and confirmed the 
sinc2 nature on the phase mismatch of the laser beams. The CARS signal intensity falls off 
rapidly, as the beams are moved off from the perfect crossing angle - 1.5 °. 
The theoretical dependence of the CARS intensity, in a linear fashion on the Stokes dye laser 
intensity, and as the square of the pump Nd:YAG intensity, was experimentally established. 
Polarization studies revealed the intuitive prediction that the polarization of the CARS signal, 
with the dye laser polarization kept constant, followed that of the pump Nd: YAG beam 
though this was not a linear relationship. The ratio of the non-vanishing components of the 
cubic electric susceptibility, was obtained by fitting the expected curves to the intensity 
dependent polarization data. 
The CARS spectral data confirmed the Raman shift of 1332 cm-1 for diamond. The CARS 
I inewidth was also found to be the same as that for the spontaneous Raman line, namely 
1.2 cm-1 (HWHM). The theoretical CARS lineshape was fitted to the spectral data, through 
the combination of the Fast Fourier Transform and non-linear curve fitting Levenberg-
Marquardt algorithms. The contribution of the non-resonant susceptibility constant 
background was found to be small, yet significant. This was shown by the good fit obtained 
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to the spectral data, when the non-resonant contribution itself was excluded from the assumed 
I ineshape expression, while its role in the interference term was not. The ratio of the non-
resonant to resonant susceptibility components 0.0278, also confirms the relative size of this 
background contribution. 
The variation in some of the data points, and the lack of a perfect fit to the theoretical 
111 is match dependence, are as a result of the unknown relationship between the Nd: Y AG and 
dye lasers. This relationship, in terms of both its temporal and spectral natures, needs to be 
investigated, as this would allow a complete and thorough analysis of any measured CARS 
signal. 
Various experimental designs were considered, each with its own advantage and 
disadvantage. The simpler setups allowed a CARS signal to be easily generated, though this 
was of (relative) lower intensity and with no definite phase matching. Additional complexity 
of design was required to establish a unique phase matching angle, and optimal CARS signal 
intensity. 
The inability to work with a complete solid state laser system was a disappointment. The 
expected large increase in the intensity of the CARS signal, is a great incentive to pursue 
Stimulated Raman Scattering in diamond. This would mean acquiring the use of a multi-mode 
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